The term sustainability is over-used and often misused in society. Further, sustainability and sustainable engineering are complex topics. This research explored how first year engineering students define these complex ideas, and the impacts of two different instructional methods on their ideas. Sustainability knowledge was evaluated using concept maps. Students' initial ideas about sustainability were explored based on concept maps that individual students generated inclass. This was followed by two different instruction methods.
Introduction
It is important for engineering students to consider sustainability in their designs. Sustainability should be among the standard criteria used to judge the quality of design options. 13 Sustainability is a complex idea, and therefore multiple criteria are likely needed to reflect a sustainable design. The ABET Engineering Accreditation Commission (EAC) program-specific criteria for civil, architectural, and environmental engineering require educational content related to sustainability. 1 However, proposed changes to the general ABET EAC outcomes appear to place less emphasis on the importance of sustainability as a constraint for design. 1 It is unclear the extent to which students enter engineering with goals and aspirations toward sustainable design, or the extent to which they have an accurate understanding of the concept.
Sustainability is a complex idea with myriad definitions. 29, 36, 37 However, in general most agree that sustainability requires the consideration of both current and future conditions across environmental, social, and economic elements. 4, 27 In some cases, popular media seems to convolute green engineering and sustainable engineering, focusing primarily on environmental aspects. Numerous individuals have questioned the use of the word sustainable -terming it overused, misused, unsustainable, a buzz word, and trite. 14, 17, 18, 25, 30 Therefore, it is important to consider what students think when we use the word sustainability, particularly as it applies to engineering and more specifically engineering designs.
Concept maps offer a method to explore how individuals think about an idea. Concept maps have widespread use; 11, 24, 28 in fact there has been an international conference on concept mapping since 2004 with the 7 th upcoming in 2016. 23 Concept maps appear to be fairly widely used in engineering education; a search of the American Society for Engineering Education (ASEE) Annual Conference Proceedings found 361 results to a search of "concept map". 8 More specifically, concept maps have been previously used to evaluate student knowledge of sustainability and related ideas. 2, 9, 10, 20, [44] [45] [46] [47] Segalas et al. 34 found that "courses that apply a more community-oriented and constructive, active learning pedagogical approach, increase students' knowledge of [sustainable development]." p. 275
Research Questions
The research questions explored in this study were:
RQ1. What do in-class concept maps reveal to be incoming college students' initial ideas about sustainability and/or sustainable engineering?
RQ2. Was there growth in first-year students' understanding of sustainability evident through concept maps produced after formal instruction on sustainability? Did two different educational approaches result in different types of sustainability knowledge gains as evidenced through the concept maps? 
Sustainability Module in Engineering Course
The introductory course for civil and architectural engineering (CAE) students (2-credits) included sustainability as one of five main topics in the course. The course learning goals related to sustainability were: define sustainability, describe its importance to engineering, and identify aspects of sustainability in civil & architectural engineering projects. A sustainability module has been included in the introductory civil engineering course since 2008. 12 In 2012 the civil engineering course merged with the introductory architectural engineering course. This study was conducted with the fall 2015 course. The first day of class, students were introduced to the idea of hierarchical concept maps and created their own concept maps of civil or architectural engineering. These concept maps were used to award attendance points, and returned to the students with minimal comments (such as directing them to include arrows and labels on their links). At the end of the first day of class, students were given the opportunity to complete a short pre-survey for extra credit points. This survey included a few questions about sustainability attitudes. For example, students were asked to rate their current level of confidence to "understand the meaning and application of sustainable engineering", using a scale of 0 to 100.
The sustainability learning module began three weeks into the semester. The module was twoweeks long, and the summative assessment was a homework assignment worth 12 percent of the overall course grade. At the beginning of the first class period devoted to sustainability, students were asked to create a concept map of sustainable engineering. The students were reminded about the elements of a hierarchical concept map and given about 10 minutes to complete the concept map. The students were instructed that their concept map would be used only to award attendance points. After the individual concept maps were collected, a lecture introduced sustainability definitions, 4,27,51 the ethical imperative for sustainable development, 6 and the importance of sustainability and sustainable development. 1, 5, 50 The next lecture focused on the Envision sustainability rating system for infrastructure, 22 and included clicker questions. The sustainability concept maps were returned to the students without any comments. The third lecture focused on sustainability rating systems for buildings, with emphasis on LEED. [41] [42] The final class period discussed sustainable infrastructure, resilience, and sustainable infrastructure projects in the news.
The homework assignment on sustainable engineering required the civil engineering students to apply Envision to a case study of a road project, while the architectural engineering students applied LEED to a case study of an on-campus residence hall. Both groups explored how sustainable engineering could help improve the state of America's infrastructure. 7 The final question required that the students create a concept map of sustainable engineering. In this context, students had unlimited time to complete their concept maps, could use any resources, and were incentivized by the grade they would receive (8 points out of 500 points during the semester).
Sustainability-Focused Seminar Course
The second course was a 1-credit seminar course focused entirely on sustainability. The course was being piloted for the first time in fall 2015, and counted as humanities and social sciences (H&SS) credit for students in the College of Engineering. The course was required for all students enrolled in two sustainability-focused Residential Academic Programs (RAPs). RAPs are similar to the living-learning communities (LLCs) that are present at various universities. 3, 48 Each RAP has a theme, students live in the same residence hall, and small courses (capped at a maximum of ~25 students) are offered in the residence hall that are required and/or electives for its residents. The students who self-selected to participate in the sustainability-focused RAP likely had some initial interest in sustainability. Students living in the RAP and therefore enrolled in the course could be in any major; however, the students enrolled in the two sections that formed the basis for this study were primarily majoring in engineering and pre-engineering (70%).
The learning objectives for this course were:
1. Understand how different ideological and disciplinary perspectives frame problems and solutions around sustainability. 2. Understand systems theory as a means to explain and think critically about environmental problems and sustainable futures. 3. Understand the roles of social structures and personal agency in environmental and social problems as well as implementing sustainable practices. 4. Be aware of a variety of ideas, tools, and practices for governments, organizations, grassroots and individuals that promote sustainability. 5. Be able to think critically about arguments for sustainable practices and sustainable development. 6. Be self-reflective of your own perspectives and roles related to sustainability. 7. Be able to respond critically to readings on sustainability. 8. Be able to engage in thoughtful and respectful discourse around important topics.
The bulk of the course was focused around a series of readings. [15] [16] 19, [26] [27] 35, [38] [39] [40] 43, [49] [50] For each reading, students would prepare and submit a brief, written critical reflection before class (400-500 words long). During class, two to three students would present a brief (~10 minute) overview of the reading. The remaining class time was spent interactively discussing about three questions that the student leaders had developed.
One the first day of the sustainability seminar course, the students created individual concept maps of "sustainability". The students were provided with a brief explanation of hierarchical concept maps, and a simple example of a concept map for coffee (the same one used in the civil and architectural engineering course). Then students were provided with a blank sheet of 8.5 inch x 11 inch paper and instructed to make a concept map for sustainability, and to include their name in order to receive attendance points. The students then introduced themselves and each shared one concept from their map. The instructor wrote these concepts onto the whiteboard, and created somewhat of a class-wide collage of sustainability ideas. During the subsequent week, students were invited to participate in an optional, extra credit pre-survey on sustainability. This included the question to rate their current degree of confidence to "understand the meaning and application of sustainability". The concept map and pre-survey gave the instructor an idea of students' initial knowledge and interest around the topic of sustainability.
Students in the sustainability course repeated the sustainability concept map exercise at the end of the semester as part of their graded final exam. The final exam was designed to be 60 to 75 minutes long, and was worth 13.5% of students' overall course grade. The exam included two questions. The first question asked the students to critically compare and contrast two of the course readings. The second question (worth 26% of the exam grade) was to make a hierarchical concept map of sustainability. The instructions were: "Be as complete as you can, including both big ideas and more detailed concepts. Use appropriate concept map format -concepts are "nodes" in circles or rectangles; include linking arrows with a label that describes how the concepts are related." Students were provided with a large sheet of blank 11 inch x 17 inch paper for their concept maps. Based on observation, the majority of the students spent about 10 to 15 minutes working on their final concept maps.
Methods
The concept maps were first scored using traditional methods. Individual concepts were counted and served as an indication of the breadth of ideas. If the students clumped multiple concepts into a single "node" these were counted separately. Alternatively, if the student repeated the same concept in two different hierarchies rather than just linking to the same node, the concept was only counted once. The highest hierarchy (HH), or longest chain of concepts, in each map was measured, as an indication of depth. The number of links, which indicate connectedness of ideas, were also counted. The cross-links (CL) were computed as the total number of links minus the number of concepts; this provides an idea of whether different hierarchies were connected. Finally, a total score for the concept map was calculated using the equation: 31, 46 Total score = number of concepts + 5*HH + 10*CL As an example, the student concept map in Figure 1 would receive a score of 15 concepts, 17 links, 4 HH, and 2 cross-links, for a total score of 55. Previous research has found extremely high inter-rater reliability for these basic scoring metrics;
10,46 only a single rater (the author) scored the concept maps in the current study. Figure 1 . Example of a pre sustainable engineering concept map, prior to instruction in the civil and architectural engineering course Next, the balance and distribution of ideas between the three pillars of sustainabilityenvironmental, social, and economic -was explored. The allocation of concepts singularly to each of the three pillars was not easy. Some concept maps showed that the students allocated topics to a pillar that differed from published sources. For example, one student placed infrastructure as branching from social; however, Paterson & Fuchs 32 allocated infrastructure to economics. Also, many students listed ethics under economy (perhaps due to a reading and inclass discussion of corporate social responsibility) while Paterson & Fuchs 32 counted ethics under social. Further, some students linked concepts to multiple categories, as would be expected; recycling branched from both environment 32 and social (since it is personal choice whether to put waste into a recycling bin). Given these uncertainties, if a concept was linked by the student to a clear originator, it was left with that classification. If the student linked a concept to multiple classifications, it was counted with the topic that aligned with Paterson & Fuchs 32 . After counting concepts that primarily aligned to each of the three sustainability pillars, the percentage of concepts that aligned to that pillar was calculated by dividing the count by the total number of concepts. Some concepts did not align particularly with any one of the three sustainability pillars, such as "future", "design", or "three pillars". In maps that contained these concepts, the sum of the percentages of concepts that mapped to the environmental, social, and economic pillars was less than 100. Previous research has used a similar approach, so-called categorical scoring, to evaluate the sustainability concept maps of engineering students. 46 Due to the difficulties noted above, it is not surprising that the reported inter-rater reliability of the categorical scoring (~0.85) was lower than traditional scoring (~0.98). 46 In the current study only a single rater (the author) conducted the categorical scoring.
In Figure 1 , for example, nine concepts were counted as environmental (green, the environment, resources, rain water management, solar power, self-sustaining buildings/projects, renewable energy, hydroelectric power, solar power), three concepts were counted as social (safety, regulations, environmentally conscious decisions), and three concepts were counted as economic (efficiency, green taxes, cap and trade). Thus, for the concept map in Figure 1 , 60% of the concepts were environmental, 20% were social, and 20% were economic.
The quantitative metrics from the concept maps were evaluated to determine if there were differences between courses and over time. Data were entered into Excel. Non-parametric statistical analyses were conducted using IBM SPSS Statistics version 23. Non-parametric tests were appropriate due to the ordinal nature of the data (counts) and because non-parametric tests do not require that the data are normally distributed. Independent samples Mann-Whitney UTests (2-tailed) were conducted to explore potential differences between the two classes; this is the non-parametric equivalent of an unpaired t-test. Wilcoxon Signed Rank Tests were used to conduct paired tests between the pre-and post-concept maps of the students; this is the nonparametric equivalent of a paired t-test. Statistically significant differences were inferred for significance metrics below 0.05, as is standard practice. Likely differences were inferred for significance metrics ranging from 0.05 to 0.10.
Results and Discussion
Quantitative Metrics: Scores The in-class concept map exercises were fairly short and lacked significant incentive for students to try their best, so a lack of sophistication on these "pre" maps is not surprising. The simple quantitative characteristics of the concept maps, which reveal incoming student ideas of sustainability (per RQ1) are shown in Table 2 . There were significant differences in the concept maps, which included 3 to 34 concepts, highest hierarchy of 1 to 7, and 0 to 16 cross-links. Statistical tests found that the students in the RAP had somewhat more concepts and more hierarchical depth on their maps than the CAE students. This small difference is not surprising, given that students who self-selected into a residential academic program with a sustainability focus likely know something about sustainability. The mean number of concepts in this study of 11 to 12 is similar to the mean of 6 to 13 concepts on "pre" sustainability concept maps from six courses in Europe 33 and the mean of 12 concepts among Georgia Tech seniors in civil and environmental engineering at the beginning of their capstone design course. 10 The quantitative characteristics of the sustainability concept maps completed after sustainability instruction ("post") are summarized in Table 3 . Both courses showed marked improvement compared to the initial sustainability concept maps ("pre"), answering RQ2. On the engineering homework assignment, the majority of the students completed hand-drawn concept maps (69%) and the remainder had computer-drawn maps (31%); there were not statistically significant differences in the four quantitative metrics between maps drawn by hand and those drawn via computer (Mann-Whitney U Tests 2-sided asymptotic sig. 0.474 to 0.732). The quantitative metrics from post-instruction sustainability concept maps from the first year students compare favorably to values reported in other studies, as shown in Table 4 . For the individuals who had completed both the pre-and post-sustainability concept maps, Wilcoxon signed rank paired tests were used to compare the quantitative metrics; results are summarized in Table 5 . In both courses, there were significant increases in the number of concepts, cross-links, and total weighted scores; only the sustainability-focused seminar course showed gains in the highest hierarchy. Thus, overall improvements in the sustainability concept maps were evident from both instruction methods. Between the two courses, there were not significant differences in the amount of change in the number of concepts, highest hierarchy, cross-links, or total weighted score (based on an independent samples Mann-Whitney U test; significance ranged from 0.172 to 0.850). Thus, there were not obvious differences between the two course models in the increases in the depth and breadth of students' understanding of sustainability that were achieved (per RQ2). The reading and discussion course spanning 15 contact hours of sustainability instruction showed similar increases as the 4 contact hours of sustainability instruction in the engineering course (with additional reinforcement woven into other course elements). Concept Map Topics: Environmental, Social, Economic Determining the balance of concepts across the three pillars of sustainability was of interest. It was believed that students might initially equate sustainability largely with environmental topics, and it was hoped that formal instruction about sustainability would lead students to a more balanced view of the importance of social and economic factors. Results are summarized in Table 6 . For both courses, the majority of the students' pre concept maps were predominated by concepts that mapped to the environmental pillar; all students had at least 9% of their concepts that related to the environmental pillar. In contrast, some students had no concepts related to social or economic areas on their "pre" concept maps. Economic elements were particularly under-represented. Quantitatively comparing the number of concepts that mapped to each of the three pillars, there were higher numbers of concepts that mapped to the social pillar among the RAP students (Independent Samples Mann-Whitney U-Test sig. 0.001), and also a higher percentage of the concepts mapped to the social pillar (sig. 0.013). There were not differences in the number or percentage of concepts that mapped to the economic or environmental pillars between the two classes. The topic analysis provides additional data relevant to RQ1, beyond what was evident from the simple quantitative metrics (from Table 2 ). By the end of the courses, the majority of the "post" concept maps showed more balance, with significant increases in the representation of social and economic elements (the medians increased 15% for each of these areas for the RAP students and 16-17% for the civil/architectural engineering students). The post concept maps therefore had lower representation of environmental concepts, but environmental ideas still predominated overall. The post concept maps of the RAP students again had a higher percentage of social elements as compared to students in the civil/architectural engineering class. This topic-based analysis provides additional insight into RQ2, beyond the simple quantitative metrics previously described.
Comparing the change in the number of concepts and percentage of the concepts that mapped to each of the three pillars of sustainability between the two courses (to contributed to answering RQ2), there was weak statistical evidence that there was a greater increase in the number of concepts that mapped to the social pillar and economic pillar among students in the sustainability seminar course as compared to the introductory engineering course (Independent Samples MannWhitney U-Test sig. 0.083 and 0.087, respectively); there were not differences in the environmental pillar (sig. 0.818). There were not significant differences in the change in the percentage of concepts that mapped into each of the three sustainability pillars (Independent Samples Mann-Whitney U-Test sig. 0.337 -0.707).
Concept map styles: Initial links
Previous studies have characterized the whole structure or morphology of concept maps. Hung and Lin 21 characterized occupational therapy students' concept maps as isolated, departmental, or integrated. In the present study, common patterns became apparent in the post sustainability instruction concept maps. Styles were explored and classified, then all concept maps were evaluated for these styles; results are summarized in Table 7 . The styles were characterized based on what the initial concept of sustainability or sustainable engineering was linked to. The most common style on the post-maps from both courses was to link directly from sustainability to environment (or ecological), economic (or economy), and social (or society or community); Figure 2 is an example of this style. The second most common style was to link from sustainability to these three elements plus one or more additional ideas. These ideas included elements such as future, cultural, health, political, and energy. Some maps linked from sustainability to the "three pillars" and then to environmental, economic, and social on the second level of the hierarchy; these maps may or may not have included other concepts linked directly to sustainability. Some maps linked to a definition or sustainability or design and then to environmental, economic, and social on the second level in the hierarchy. Figure 2 . Example of post instruction sustainability concept map of the style where sustainability first links to environmental, social, and economic In contrast to the post-instruction sustainability concept maps, the pre-maps tended to be highly unique. Most delved into sub-areas of the environmental pillar directly from sustainability. The formal education on sustainability therefore helped to organize students' thoughts around broad sustainability concepts. Noteworthy Concepts The specific topics included on students' sustainability concept maps showed some initial similarities, as well as changes after instruction (examples in Table 8 ). For example, among the pre-concept maps, environmental concepts dominated such as resources and energy. Some of the main themes related to social issues that were highlighted in the readings for the sustainability seminar course were found to have significantly increased prevalence on the students' post concept maps. This type of information specific to a course can help an instructor see which concepts were more important and/or enduring in students' minds, which may help to make changes in the course in the future. 
Conclusions, Recommendations, and Limitations
The use of concept maps was found to be an effective method for providing insight into the perceptions and knowledge that students had of sustainability. The initial concept maps conducted as a "pre" exercise gave insight into the diversity of background knowledge that students were bringing to the class. Students had a wide range of initial concepts about sustainability. As anticipated, these ideas tended to be biased to environmental issues, with less recognition of social and economic elements by the majority of the students. This information could be useful to help instructors target content in the course. The concept maps were also found to provide higher quality information than student feedback on previous instruction about sustainability (collected via in-class clicker questions) or their self-assessed confidence in abilities related to sustainability (as collected via Likert-style questions). There were not significant differences in the overall number, hierarchy depth, or cross-links between incoming first year students who elected to participate in a sustainability-focused residential academic program as compared to civil and architectural engineering students.
The post concept maps proved insightful in showing gains in student knowledge, as well as which information from the courses seemed to have the greatest impact. Both a two-week module focused on sustainable engineering rating systems and a full 1-credit seminar course based on readings and discussions increased students' overall complexity of ideas about sustainability. In both cases, students' concepts about sustainability grew particularly in social and economic related ideas. A large number of students began to organize their ideas of sustainability around the three main pillars of environmental, social, and economic. It was also somewhat surprising that the 4-class sustainability module in the engineering course achieved similar gains as the 15-class seminar course. Students in the RAP course that focused on H&SS-related readings on sustainability increased somewhat more in their number and percentage of social-related concepts than students in the CAE course. Particular themes from the readings were evident in a number of the students' sustainability concept maps at the end of the semester.
The use of the concept maps to assess the information of interest to the instructor was a somewhat time-consuming process in large classes. Deciphering student hand-writing was sometimes challenging. There was a large difference in the quality of information that students included on the link labels. In some cases the information was particularly insightful. In other cases students failed to provide any labels, despite instructions to do so. The difficulty allocating concepts to a single sustainability pillar is actually a good problem, particularly when the students themselves attributed a particular concept to multiple pillars. For example, corporate social responsibility relates appropriately to economic, social, and environmental elements. Faculty may wish to "score" these concepts under multiple categories if the students appropriately did so themselves, rather than the single allocation method that was used in this study. This scoring method may provide a better view into the mindset of the students, some of whom may take an appropriately complex systems approach to sustainability.
While the detailed content assessment of the sustainability concept maps was reasonably time consuming (~15 minutes per map), in contrast the more basic assessment used for grading was relatively simple (~3minutes per map). A senior undergraduate student was the grader for the large Introduction to Civil and Architectural Engineering course. He indicated that grading the concept maps was only minimally more time consuming than grading students' written definitions of sustainability (which he himself had done in 2014, when he was a junior and served as the course grader). For the eight points allocated to the concept map question, students were awarded up to three points for including concepts that mapped to all three of the sustainability pillars, one point for including ideas related to the future, up to two points for the total number of concepts (+0.1 point per concept), up to 1 point for the characteristics of the links (full credit if all of the links had both an arrow and a label), and up to one point for highest hierarchy (full credit if five-plus hierarchy down to +0.5 points for two-concept chain). Similar guidelines were used when grading the sustainability concept maps from the final exam in the sustainability seminar course. The results revealed that additional instruction on concept map requirements may be needed; link labels were completely missing from 29% of the civil/architectural engineering course maps and 32% of the student final exams in the sustainability seminar course.
The current study had a few limitations. The initial types of students in the two courses were somewhat different, with a wider range of disciplines in the RAP course compared to only CAE students in the other course. A single rater conducted the evaluation of the concept maps. In the context of using concept maps for instructors to gain insight into their students and teaching, this is appropriate. But to conduct a rigorous study to compare different teaching methods, multiple raters is recommended. Using the in-class maps as the baseline assessment may not have given students incentive to try their best, in comparison to the graded post-instruction concept maps. Instructors should probably give students more targeted feedback on the pre-concept maps, if only to remind students of the importance of including labels on their links. It is of interest to determine if these gains and types of sustainability knowledge persist, in particular for the civil engineering students into senior year when they will revisit sustainable engineering in their professional issues course and capstone design. A short-term follow-up could be conducted in the CAE course, asking the students conduct the in-class sustainability concept map exercise near the end of the semester for attendance credit. This would repeat the conditions of the premap as well as check-in on sustainability knowledge of the students about two months after the sustainability homework assignment was completed. Further, the comparison of concept maps generated by students from the engineering class in an untimed homework setting versus those generated by the sustainability seminar students as part of the final exam in a timed setting may not be a fair comparison. In the future, students in the sustainability class will be asked to complete the end-of-semester sustainability concept maps as a homework assignment. However, it is worth noting that the concept maps seem to have a rational maximum size that is dictated by space and the amount of time most individuals are willing to spend on the exercise.
Based on this preliminary study, the author encourages others to consider incorporating concept maps into their education of students about sustainability. Concept maps have utility for both formative and summative assessment. There appears to be some rational maximum to the number of concepts and/or amount of time that students are willing to spend on these exercises, but that could be beneficial to identify the elements that are foremost in students' minds as they consider the complex subject of sustainability.
